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Taylor & Francis makes every effort to ensure the accuracy of all the information (the "Content") contained in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and should be independently verified with primary sources of information. Taylor and Francis shall not be liable for any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of the Content. Here we find TRPV1 localized in monkey and human RGCs, similar to rodents. Expression increases in RGCs exposed to acute changes in pressure. In retinal explants, contrary to our animal studies, both Trpv1 -/-and pharmacological antagonism of the channel prevented pressure-induced RGC apoptosis, as did chelation of extracellular Ca 2C . Finally, while TRPV1 and TRPV4 co-localize in some RGC bodies and form a protein complex in the retina, expression of their mRNA is inversely related with increasing ocular pressure. We propose that TRPV1 activation by pressure-related insult in the eye initiates changes in expression that contribute to a Ca 2C -dependent adaptive response to maintain excitatory signaling in RGCs.
Introduction
Activation of the transient receptor potential vanilloid-1 (TRPV1) channel modulates a variety of Ca 2C -dependent cascades that influence the transduction of physical stimuli necessary for sensory function, including mechanical, thermal and tactile information. [1] [2] [3] [4] Levels of expression and subcellular localization of TRPV1 are highly mutable, leading us to propose a role for the channel in mediating neuronal and glial responses to disease-relevant stressors. 5 In other systems, TRPV1 is upregulated with activation and undergoes translocation to the plasma membrane, where it increases post-synaptic neurite activity and survival. 6-9 TRPV1 can be activated and/or sensitized either directly by mechanical stress or by endogenous ligands like endocannabinoids and growth factors.
6,10-12 TRPV1-gated Ca
2C
promotes spontaneous excitation and potentiates post-synaptic responses to glutamate. [13] [14] [15] [16] [17] Phosphorylation of TRPV1 promotes sensitization, continued translocation, and increased depolarization. 18 The channel can be desensitized by dephosphorylation via the calmodulindependent protein phosphatase, calcineurin, or by re-internalization. 19 In a series of recent studies, we focused on probing novel roles for TRPV1 in neuronal and glial function in the retina and optic projection to the brain. We demonstrated that pharmacological antagonism of TRPV1 in isolated astrocytes decelerates Ca 2C -dependent migration in response to mechanical injury. 20 We have also described an important and complex role for TRPV1 in modulating the physiology of retinal ganglion cell (RGC) neurons, whose axons comprise the optic nerve. These neurons are specifically vulnerable to injury related to ocular pressure, due to stress transferred to the unmyelinated segment of the axon as it passes from the retina to the nerve head. 21, 22 This sensitivity to pressurerelated stress underlies the degeneration of RGCs in glaucoma, the world's most prevalent age-related neuropathy and leading cause of irreversible blindness. Early on, we found that pharmacological antagonism of TRPV1 in isolated RGCs exposed to elevated pressure in vitro prevented both increased intracellular Ca and apoptosis. 23 Based on these results, we proposed that TRPV1 is a critical and early mediator of pressure-dependent RGC degeneration in glaucoma, perhaps via direct transduction of membrane stress. 23 This hypothesis is consistent with a broader role for Ca 2C dependent cascades in mediating progression of neurodegeneration in glaucoma and other diseases.
24
TRPV1 in the retina is expressed in a variety of neuronal and glial cell types, as are other TRP subunits. 23, [25] [26] [27] [28] [29] [30] [31] [32] [33] Because of this complexity, discerning how TRPV1 exerts its influence in vivo is more difficult. We discovered recently in testing our initial hypothesis that both knock-out and pharmacological antagonism of TRPV1 accelerated RGC degeneration with exposure to elevated intraocular pressure in an inducible model of glaucoma. 34 Furthermore, RGCs from Trpv1-/-retina lacked a compensatory, transient increase in spontaneous action potentials with elevated pressure and required greater depolarization to reach firing threshold. 34 Thus, we proposed that TRPV1 in response to pressure-related stress in vivo acts to boost excitatory activity as a way of promoting RGC survival in glaucoma. 34 In support of this hypothesis, additional results from our laboratory indicate that TRPV1 expression and localization in RGCs increases with short-term exposure to elevated ocular pressure and supports an enhanced excitatory influence on RGC activity. 35 Here we supplement our recent investigations by further characterizing the pattern of TRPV1 expression in RGCs and its influence on their survival. We report that like their rodent counterparts, RGCs in non-human primate and human retina express TRPV1 abundantly. While levels of Trpv1 mRNA are highly variable between retinas, expression increases in RGCs stressed by pressure. Contrary to our in vivo results, 34 for adult retinal explants maintained ex vivo, we found that both pharmacological antagonism of TRPV1 and Trpv1-/-improved RGC survival with exposure to elevated hydrostatic pressure, as did chelation of extracellular Ca 2C . Interestingly, while TRPV1 colocalizes and forms a protein complex with TRPV4, in the DBA2J mouse model of glaucoma, expression of mRNA encoding the 2 subunits is inversely related as ocular pressure increases. Thus, different TRPV subunits are likely to contribute in different ways to the RGC response to ocular stress in diseases such as glaucoma.
Results

TRPV1 in retinal ganglion cell neurons supports increased intracellular Ca
2C
Recently we demonstrated that levels of TRPV1 increase with elevated intraocular pressure in an inducible mouse model of glaucoma. 35 In normal tissue, TRPV1 localizes diffusely in both synaptic layers and in punctate pockets within RGC bodies for C57 mouse, macaque and human retina ( Fig. 1A-C) . These results are consistent with our previous studies of rodent retina, including the DBA2J mouse model of hereditary glaucoma. 23, 35 Localization in human RGCs was slightly more diffuse in the cytoplasm than in macaque.
Using in situ hybridization for RGCspecific Thy1 mRNA for comparison ( Fig. 2A) , Trpv1 mRNA distributed more modestly in the RGC layer of C57 retina (Fig. 2B) . Roughly 70% of RGCs immuno-labeled for phosphorylated neurofilaments show Trpv1 mRNA signal compared to the control sense sequence (Fig. 2C) . Quantitative RT-PCR showed that Trpv1 mRNA expression was highly variable between na€ ıve C57 retinas compared to a control sequence, varying over a 4-fold range of values (Fig. 2D ). In contrast, for isolated RGCs maintained in culture, Trpv1 expression was enhanced 12-fold by short-term (24 hr) exposure to elevated hydrostatic pressure (C70 mmHG) with little variability between preparations (Fig. 2E) . By 48 hrs of pressure, which doubles RGC apoptosis, 23 Trpv1 levels were identical to ambient conditions. Thus, while normal Trpv1 message may be relatively low and variable, under conditions that stress RGCs, expression rises considerably.
TRPV1 gates a robust Ca 2C conductance upon activation. [36] [37] [38] [39] [40] Earlier we found that one hour of hydrostatic pressure (C70 mmHg) increases by 4-fold accumulated intracellular Ca 2C as measured by Fluo-4 AM; this increase was reduced 40% by blocking TRPV1 with the subunit-specific antagonist iodo-resinferatoxin (IRTX 42 , 10 nM). 23 Here, in untreated RGCs, Fluo-4 signal was nearly uniform across the field, with modest accumulation in cell bodies overlying a meshwork of highlighted dendrites (Fig. 3A) . Activation of TRPV1 with 1 mM capsaicin (CAP) for one hour increased Fluo-4 label in both RGC bodies and neurites (Fig. 3B) . Co-application with IRTX (10 nM) eliminated nearly all Fluo-4 accumulation (Fig. 3C) . That a similar result was obtained in RGCs without CAP (Fig. 3D) indicates that TRPV1 contributes to basal levels of intracellular Ca 2C . Quantification of total Fluo-4 intensity indicated a 2.5-fold increase with CAP treatment (P < 0.01), consistent with our previous results. 35 This increase was reduced 62% by co-treatment with IRTX (P < 0.01; Fig. 3E ). The 73% reduction of baseline intracellular Ca 2C in RGCs with IRTX alone was also significant (p D 0.04).
TRPV1 contributes to the detection of RGC stress
Our published finding that RGC degeneration in vivo is accelerated both by Trpv1-/-and pharmacological antagonism of TRPV1 could be explained be enhanced sensitivity to stress related to ocular pressure. If correct, such an enhancement when TRPV1 is silenced obviously would challenge our original hypothesis that TRPV1 contributes to RGC sensitivity to mechanical stress in glaucoma. 23 To probe this relationship further, we prepared retinal explants from C57 and Trpv1 -/-mice and exposed them in parallel to increased hydrostatic pressure ex vivo. The Trpv1 -/-mouse is a germ-line mutation that was created by deletion of an exon encoding part of the fifth and all of the sixth transmembrane domains of the TRPV1 channel, including the pore-loop region between the 2.
43 With the primer combination we used for conformational genotyping (see Methods), wild-type C57 mice yield a product size of 984 base pairs while Trpv1-/-mice yield a truncated product of 600 base pairs (Fig. 4) .
Previously we demonstrated that exposure to a 70 mmHG step of hydrostatic www.tandfonline.com pressure for 48 hrs diminishes the survival of isolated RGCs by 40%, which is prevented by treatment with IRTX or chelation of extracellular Ca 2C with EGTA. 44, 23 In explants from adult C57 retina, 48 hrs of pressure caused a reduction in Brn3a-labeled RGCs and an increase in TUNEL-labeled apoptotic nuclei in the RGC layer; both were prevented by treatment with 10 nM IRTX (Fig. 5A ). For explants from Trpv1-/-retina, pressure had little noticeable effect on either Brn3a label or TUNEL compared to ambient pressure (Fig. 5B) . When quantified, these results were highly significant (Fig. 5C,  D) . On average, exposure to pressured reduced the density of Brn3a-labeled RGCs in C57 explants by 25%, while increasing the number of TUNEL- www.tandfonline.com 105 Channels labeled nuclei 7-fold. Treatment with IRTX prevented the pressure-induced decrease in RGC density and significantly lowered the fraction of TUNELC nuclei compared to vehicle only (17 vs. 57%). For Trpv1-/-explants, RGC density at both ambient and elevated pressure was the same as C57 at ambient (P 0.39, Fig. 5C ), as was TUNEL reactivity (P 0.16, Fig. 5D ). As with isolated RGCs, 23 treatment with EGTA (950 mM) also prevented the pressure-induced reduction in Brn3a-labeled RGCs and the increase in TUNELC cells (Fig. 5C,D) .Thus, both pharmacological antagonism of TRPV1 and Trpv1-/-reduces the apoptotic response of RGCs exposed to elevated hydrostatic pressure, as does chelation of extracellular Ca 2C , consistent with our results using isolated RGCs. 23 Interestingly, while Trpv1-/-explants had similar density of Brn3a-labeled RGCs as C57 at ambient pressure, we found that IRTX treatment actually caused a slight decrease (Fig. 5C ). Since the fraction of TUNELC cells was dramatically lower than vehicle explants (2 vs. 9%), this result is probably due to compromised explant integrity.
Evidence for TRPV1 interaction with TRPV4
An important issue to resolve is whether TRPV1 exerts its influence on RGC physiology and survival on concert with any of the other TRPV subunits (TRPV2-6). Generally, TRP channel subunits can assemble into homo-or heterotetrameric channel complexes with physiological properties determined by subunit composition. 45 Ankyrin repeat domains likely play a role in determining particular subunit interactions. 46 A recent study indicated that RGCs in mouse retina express the TRPV4 subunit and that this channel, like TRPV1, 35 contributes to increased intracellular Ca 2C upon activation by agonists or exposure to hypotonic stress. 30 The same study also found TRPV4 expressed in M€ uller glia end-feet, just distal to RGC bodies.
Here we confirm the localization of TRPV4 to RGCs and M€ uller glia in rat (Fig. 6A) and mouse (Fig. 6B) retina. Since TRPV1 is also expressed in RGCs, we co-labeled rat retina for TRPV4 and found some co-localization in RGCs visualized by immune-labeling against phosphorylated neurofilaments (Fig. 6C) . Interestingly, in this preparation, TRPV4 label was more consistent across RGCs and generally stronger in individual cells, suggesting higher levels of TRPV4 expression than TRPV1.
Western blots indicate, however, that protein levels of TRPV4 and TRPV1 are similar in retina, compared to levels of b-actin (Fig. 7A) . Immuno-precipitation of TRPV4 from brain and retina protein extracts followed by western blot to probe for TRPV1 revealed that the 2 subunits form a complex in both structures (Fig. 7B, left) . This interaction was confirmed by repeating the experiment in the reverse direction, that is, immuno-precipitation of TRPV1 followed by protein gel blot against TRPV4 (Fig. 7B, right) . In both cases, the strongest reaction product is just under 100 kDa, probably reflecting the lower weight of the TRPV4 epitope (see Methods). We repeated in brain the immuno-precipitation of TRPV4 followed by western blot for TRPV1 and noted the same reaction product near 100 kDA (Fig. 7C) . As a control, we found this particular reaction product missing, after probing the supernatant from the coimmuno-precipitation experiment once more for TRPV1 (Fig. 7C) . This indicates that the interaction with TRPV4 occurs with the full-length isoform of TRPV1. Our result is consistent with an earlier prediction showing that co-expression leads to TRPV1-V4 interaction as measured via fluorescence resonance energy transfer (FRET) and single-channel recording. 47 Control precipitation experiments in which the primary antibody for the protein gel blot was omitted yielded no product (not shown).
Interestingly, in the DBA2J mouse model of glaucoma, Trpv1 and Trpv4 mRNA were inversely related as a function of increasing intraocular pressure, when calculated relative to expression in the D2 control strain (Fig. 7D,E) . Both correlations were significant for young (3-5 mo) mice (P < 0.001). We reported earlier that older DBA2J retina (8-10 mo) had significantly higher Trpv1 expression when separated into low vs. high ocular pressure groups. 35 For Trpv4, retinas from young eyes (3-5 mo) with lower pressure (9.8-12.8 mmHG) had significantly greater expression compared to retinas from eyes with higher pressures (15.6-18.2 mmHG) in the same age group: 21.6 § 7.1 vs. 3.0 § 1.1 (p D 0.002), both relative to expression in D2 control retinas (Fig. 7E) . In older (8-10 mo) retinas from eyes with lower pressure (12.8-14.8 mmHG), Trpv4 also was higher compared to retinas from eyes with higher pressure 
Discussion
The contribution of TRP subunits to retinal function is complex and seemingly ever-growing in diversity. 5, 48, 49 Our group has focused on expression RGC neurons and their axons, because of their susceptibility to pressure-related stress in glaucoma, a leading cause of blindness that is associated with sensitivity to intraocular pressure. 50, 51, 22 We and others have found that RGCs express a number of TRP channels, including the vanilloid subunits TRPV1 and TRPV4, which we have focused on in this paper. 23, 26, [28] [29] [30] 33, 35 This is so for both rodent and primate retina (Fig. 1) . TRPV1 also contributes to diverse Ca 2C -dependent functions in retinal glial cells, including astrocyte responses to mechanical stress and microglial release of interleukin-6, which is protective of RGCs exposed to pressure in vitro. 20, 27, 37 The channel may also contribute to M€ uller glia reactivity in the retina following optic nerve insult. 32 Interestingly, we found that expression of Trpv1 mRNA in retina is quite variable from eye to eye in na€ ıve mice (Fig. 2) . We have summarized elsewhere evidence that TRPV1 mediates diverse neuronal and glial responses to insult or stress. 5 Such a role is consistent with our recent finding that TRPV1 expression increases in RGCs in response to elevated intraocular pressure in vivo. 35 Here we demonstrate a similar result for Trpv1 mRNA in isolated RGCs exposed to a hydrostatic pressure load in vitro (Fig. 2) . Our single-unit electrophysiology studies suggests that one purpose of increased TRPV1 expression is 
4).(D) Fraction of TUNELC nuclei in the RGC
layer of C57 explants is increased nearly 7-fold compared to ambient pressure (*, P < 0.001). IRTX treatment reduces TUNEL label compared to vehicle both at ambient (z, p D 0.003) and elevated (**, P < 0.001) pressure. For explants under pressure, both EGTA and Trpv1-/-decrease TUNEL significantly compared to C57 with pressure (**P < 0.001). Scale D 20 mm (A,B) .
www.tandfonline.comto enhance membrane excitability, a property missing in Trpv1 -/-mice. 35 This enhancement is likely mediated by Ca 2C currents, since activation of TRPV1 in RGCs increases intracellular Ca 2C in isolated RGCs, 35 , a result we replicate here (Fig. 3) .
We have proposed that TRPV1 mediates a form of RGC self-repair to slow degeneration in response to elevated ocular pressure, since progression is accelerated in Trpv1 -/-mice. 34 Why, then, do we find that Trpv1-/-reduces RGC degeneration in explants exposed to pressure (Fig. 5) ? This is analogous to our earlier result showing that TRPV1 antagonism with IRTX blunts apoptosis of isolated RGCs exposed to hydrostatic pressure in culture. 23 In both preparations, chelating extracellular EGTA is also protective of RGCs (Fig. 5) . Together with our Ca 2C -imaging results, these findings indicate that upregulated TRPV1 under acute conditions in culture causes a lethal disruption in intracellular Ca 2C homeostasis -in effect, overburdening the cells with an influx of extracellular Ca 2C . In the intact system, activation of TRPV1 by pressurerelated stimuli increases its expression and boosts RGC activity, perhaps by enhancement of post-synaptic membrane potential. 35 Our idea is consistent with TRPV1's role in neuronal responses to mechanical stimuli underlying pressureinduced pain, injury monitoring and visceral distension. [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] The robust Ca 2C conductance associated with TRPV1 activation can also contribute to apoptosis, neurodegenerative disease, and synaptic remodeling. 40, [62] [63] [64] [65] [66] TRPV1 also couples to protective cascades. The endogenous cannabinoid anandamide is a ligand for TRPV1 and the cannabinoid type 1 (CB1) receptor and is known to protect against ischemic injury and excitotoxicity. 67 In the normal retina, we find that TRPV1 co-localizes with TRPV4 in some RGCs and forms a protein complex retina, as in normal brain tissue (Figs. 6, 7) . The antibodies we used against TRPV1 for our co-immuno-precipitation experiments recognize multiple subunit-specific epitopes. These include the full-length epitope of 100-113 kDa, a dimer near 200 kDa, and a smaller epitope below 75 kDa. 20, 23, 68, 69 Our western blot results are consistent with these previous studies. For TRPV4, the antibodies we used recognize slightly smaller subunit-specific intracellular epitopes of approximately 90-110 kDa [70] [71] [72] . Thus, it is not surprising that the co-immuno-precipitation product for TRPV1 and TRPV4 is slightly below 100 kDa. This product is absent when we re-run the western for TRPV1 following the precipitation reaction (Fig. 7C) , suggesting a specific interaction in the fulllength epitope.
In retinal mRNA from the DBA2J mouse model of chronic glaucoma, Trpv1 and Trpv4 expression were inversely related: even as Trpv1 increased with elevated ocular pressure (Fig. 7D) , Trpv4 decreased (Fig. 7E) . The meaning of this relationship is unclear, given that in normal retina TRPV1 and TRPV4 co-localize in some RGCs and form a reaction complex. In mouse magnocellular neurosecretory cells, both TRPV1 and TRPV4 contribute to spontaneous firing of action potentials, but only TRPV1 encodes dynamic changes in response to temperature fluctuations necessary for thermosensation. 73 Similarly, for RGCs exposed to elevations in intraocular pressure, as in glaucoma, opposite changes in levels of TRPV1 and TRPV4 could reflect a need to encode quickly (or transiently) a greater range of excitation rates to accommodate the higher spontaneous level of action potentials we have observed. 34, 35 This could explain the rise in TRPV1 expression we see. That TRPV4 expression diminishes might be explained by its role in pressure and mechanosensation in many systems. 74 In retina, TRPV4 elevates RGC Ca 2C in response to membrane stress, and so excessive activation could lead to Ca 2C -dependent cell death, 30 as with TRPV1 (Fig. 5) . 23 A reduction in TRPV4 expression over time could reflect desensitization of the channel as well and might serve to blunt the system's sensitivity to stress associated with elevated ocular pressure.
Methods
Animals and tissue
All animal procedures were approved by the Vanderbilt University Medical Center Institutional Animal Care and Use Committee. We obtained Trpv1-/-(B6.129 £ 1-Trpv1 tm1Jul /J) mice and their age-matched control C57BL/6 (C57) strain as well as adult DBA/2J (3-12 mo) and its age-matched transgenic control strain D2-GpnmbC (D2) from Jackson 20 Product for b-actin (*, run simultaneously) is shown for comparison. Smaller products (»60 kDa) likely represent protein degradation. (B) Western blots (WB) for TRPV1 (left) and TRPV4 (right) following immuno-precipitation (IP) of TRPV4 or TRPV1, respectively, from brain and retina extracts. Co-immuno-precipitation product for the TRPV4/TRPV1 complex (bracket) is the same whether the immuno-precipitate is TRPV4 (left) or TRPV1 (right) and is slightly less heavy than the WB product for TRPV1 for brain in the absence of IP (arrowhead). (C) Western blots for TRPV1 (brain) following immuno-precipitation (IP) of TRPV4 shows same reaction product near 100 kDa as before. When supernatant (S) from the co-immuno-precipitation reaction is probed again for TRPV1, this product is absent (bracket), supporting specific binding of the 100 kDa form of TRPV1 to TRPV4. (D) Quantitative PCR measurements of Trpv1 mRNA in young (3-5 mo) and aged (8-10 mo) DBA2J retina relative to levels in age-matched D2 control retina; both calculated relative to 18s rRNA. Trpv1 mRNA correlates significantly with intraocular pressure for the 3-5 mo group (r 2 D 0.656, P < 0.001) but not for the 8-10 mo group (r 2 D 0.17, p D 0.17). Some data modified from recent work. 35 In contrast, while expression of Trpv4 mRNA is higher than Trpv1 (E), levels are inversely correlated with increasing pressure for the 3-5 mo group (r 2 D 0.79, P < 0.001), but not for the 8-10 mo group (r 2 D 0.26, p D 0.091)
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Laboratories (Bar Harbor, ME). SpragueDawley rats were obtained from Charles River (Wilmington, MA). Animals were maintained in a 12-h light/dark cycle with standard rodent chow available ad libitum as described. 44, 75 Sections from adult macaque monkey and normal human (88 yrs, female) retina were prepared from paraffin blocks prepared for other purposes. Immuno-labeling was performed as described in previous studies using anti-TRPV1 (Novus Biologicals, Littleton, CO, for rat, monkey and human retinas, 1:1000; Neuromics, Edina, MN, for mouse, 1:100) and anti-TRPV4 (Alomone Labs, Jerusalem, Israel; 1:200). 23, 76, 77, 35 To label RGCs we used monoclonal antibodies against phosphorylated heavy-chain neurofilament (SMI31, Sternberger Monoclonal Inc., Baltimore, MD, 1:1000); for astrocytes, we used antibodies against glial fibrillary acidic protein (GFAP, Millipore, 1:500).
Purified retinal ganglion cell primary cultures and Ca
2C imaging Primary cultures of purified RGCs from post-natal day 4-10 Sprague-Dawley rats were prepared using immune-magnetic separation and maintained either at ambient pressure in a standard incubator or at C70 mmHg hydrostatic pressure within the incubator as previously described. 44, 23 To assess TRPV1-mediated changes in accumulated intracellular Ca 2C , we utilized the BAPTA-based Ca 2C indicator dye Fluo-4 AM (Molecular Probes, Eugene OR), following published protocols. 78, 79, 23, 35 Briefly, primary cultures were treated for one hour with either the TRPV1-specific agonist capsaicin (CAP, 1 mM), its vehicle (ETOH), or CAP with the TRPV1-specific antagonist iodo-resinferatoxin (IRTX, 10 nM). We chose this period of exposure for comparison with our previous Ca 2C accumulation experiments in which RGCs were exposed to hydrostatic pressure for one hour prior to imaging. 23 As well, though Ca 2C levels can change rapidly in response to stimuli, we are interested in sustained changes in Ca 2C levels that could influence cell survival. Live cultures were cover-slipped with physiological saline and imaged using confocal microscopy. For each sample, 15-20 independent fields were acquired and Fluo-4 intensity quantified using Image Pro Plus (v.5.1.2; Media Cybernetics, San Diego, CA). Preparations were conducted in triplicate.
Retinal explants
For ex vivo retinal preparations, eyes were enucleated from adult C57 and TRPV1-/-mice and retinas rapidly removed and prepared as previously described. 77 Briefly, explants were placed on organotypic culture inserts (0.4 mm pore; Millipore, Temecula, CA) held within culturing plates containing modified Neurobasal A media (2% B27 and 1% N2 supplements, 2 mM L-glutamine, 100 mM inosine, 0.1% gentamicin, 50 ng/mL BDNF, 20 ng/mL CNTF, and 10 ng/mL bFGF), and allowed to equilibrate overnight in an incubator at 37 C with 5% CO 2 .Explants were maintained at ambient pressure in a standard incubator or at C70 mmHg hydrostatic pressure within the incubator, as previously described. 44, 23 All experiments using explants were performed minimally in triplicate.
The TRPV1-specific antagonist iodoresiniferatoxin (I-RTX; Alexis Biochemicals, Lausen, Switzerland) was dissolved in dimethyl sulfoxide(DMSO) as a vehicle and diluted with explant culture media to a concentration of 10 nM, which we have shown is protective of isolated RGCs exposed to pressure. 23 Similarly, we used 950 mM ethyleneglycol-bis(B-aminoethyl)-N,N,N1,N1-tetraacetic acid (EGTA; Gibco) to reduce the concentration of available Ca 2C in the culture media from 1 mM to 100 mM, as determined by Max Chelator (Stanford University, Stanford, CA). This too we have shown prevents pressure-induced death of RGCs in culture. 23 Following experimentation, explants were fixed overnight at 4 C in 4% paraformaldehyde in PBS. Immunolabeling of RGCs in retinal explants was performed with antibodies recognizing mouse anti-Brn3a (1:50; Chemicon 80 ) and visualized with goat anti-mouse IgG conjugated with Alexa 594 dye (10 mg/ ml; Molecular Probes, Eugene, OR). We assessed apoptosis of RGCs using a terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL; Chemicon, Temecula, CA) assay with DAPI counterstain (50 mg/ml, Molecular Probes). RGC body density was determined by counting in multiple ( 10) random images the number of Brn3aC RGCs per mm 2 . TUNELC apoptotic nuclei in the ganglion cell layer were quantified as a percent of all DAPI-stained cells.
Quantitative and conventional RT-PCR
For quantitative RT-PCR, following Weitlauf et al., 35 we extracted RNA from retina of na€ ıve C57, DBA2J and D2 mouse eyes. Briefly, after incubation in lysis buffer (10 mM Tris/HCl, pH 8.0; 0.1 mM EDTA, pH8.0; 2% SDS, pH 7.3; and 500 mg/ml Proteinase K (Clontech Labs, Mountain View, CA), RNA was extracted using Trizol Invitrogen) with 10 mg of glycogen added as an RNA carrier prior to precipitation. RNA concentration and purity were determined using a NanoDrop 8000 spectrophotometer (Thermo Scientific, Wilmington, DE). Samples (1 mg) were DNase-treated (Invitrogen) prior to cDNA synthesis (Applied Biosystems reagents, Foster City, CA), and quantitative was performed using an ABI PRISM 7300 Real-Time PCR System and a FAM dye-labeled gene-specific probe for Trpv1 (Applied Biosystems). Cycling conditions and cycle threshold values were automatically determined by the supplied ABI software (SDS v1.2). Relative product quantities for the Trpv1 transcript were performed in triplicate and determined using the 2DDCt analysis method, 81 with normalization to 18s rRNA as an endogenous control.
For conventional RT-PCR, total RNA was isolated from cultured RGCs using the Qiagen Micro-RNA extraction kit (Qiagen, Inc., Valencia, CA), according to manufacturer's instructions. RT-PCR was performed as previously described. 27, 44 Briefly, following first and second strand synthesis of cDNA, gene-specific PCR was conducted for 30 cycles with the following primers (Integrated DNA Technologies, Coralville, IA): mouse actin (5 0 -TCC TGG GTA TGG AAT CCT GTG G-3 0 ; 5 0 -CTT GAG TCA AAA GCG CCA AAA C-3 0 ) and rat Trpv1 (5 0 -CAA GCA CTC GAG ATA GAC ATG CCA-3 0 ; 5 0 -ACA TCT CAA TTC CCA CAC ACC TCC-3 0 ). Actin was used to confirm the presence of comparable cDNA concentrations between samples. To ensure that genomic DNA was not the source of PCR products, primers for both actin and Trpv1 were designed to span an intron. In addition, gene-specific PCR was performed on an aliquot of each sample that did not undergo reverse transcription. PCR products of 514 bp (actin) and 282 bp (Trpv1) were separated on an agarose gel stained with ethidium bromide and digitally imaged on a gel reader (Alpha Innotech, San Leandro, CA). To evaluate contamination of RNA samples by genomic DNA, PCR was conducted on RNA samples from each culture.
tm1Jul /J) mice were genotyped prior to experimentation to confirm the transgene, following protocols provided by Jackson Laboratories. DNA from small ear was extracted using the DNeasy Blood and Tissue Kit (Qiagen, MD) and concentration determined using a NanoDrop 8000 (Thermo Scientific, Wilmington, DE). Each PCR reaction contained the following: 2.5 ml 10£ PCR Buffer (Invitrogen), 0.75 ml 50 mM MgCl 2 (Invitrogen), 0.5 ml 10 mM dNTP mix (Promega, Madison, WI), 0.5 ml of each primer (10 mM working stocks; Integrated DNA Technologies), 0.1 ml Platinum Taq polymerase (Invitrogen), 40 ng of extracted template DNA, and the correct amount of DNase/ RNAse free water to increase the total reaction volume to 25 ml. For detection of Trpv1 gene truncation in Trpv1-/-mice, 2 forward primers were used to produce wild-type (Jackson Laboratory, oIMR1561; 5 0 CCT GCT CAA CAT GCT CT TG 3 0 ) and Trpv1-/-(Jackson Laboratory, oIMR0297; 5 0 CAC GAG ACT AGT GAG ACG TG 3 0 ) gene products, both of which used a shared reverse primer (Jackson Laboratory, oIMR1562; 5 0 TCC TCA TGC ACT TCA GGA AA 3 0 ). With this primer combination, wildtype animals yield a product size of 984 bp and Trpv1-/-animals yield a product size of 600 bp. Positive control detection of Gapdh gene products used forward (5 0 TTG GCA TTG TGG AAG GGC TC 3 0 ) and reverse (5 0 TGC TGT TGA AGT CGC AGG AGA C 3 0 ) primers to detect a 363 bp product. Often a second round of PCR was necessary to obtain sufficient gene product to detect on an agarose gel using ethidium bromide labeling.
Western blots and co-immunoprecipitation
Brain and retina from adult Brown Norway rats were homogenized in icecold RIPA-Tris lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% SDS, .5% Na Deoxycholate, 0.1 mM PMSF, 1 mM EDTA, and 0.2 mM Na 3 VO 4 ) and supplemented with the protease inhibitors, Proteinase IC and Phosphatase IC (Roche Diagnostics Ltd., Lewes, UK). The tissue homogenate was centrifuged at 14,000 rpm for 30 min at 4 C and protein concentration of the supernatant determined by BCA Assay. For protein gel blots, proteins (40 mg per lane) were separated with SDS-PAGE using Bio-Rad 4-20% Mini Gels and Criterion 12% Tris-HCl gels. Protein was transferred onto PVDF membrane (Millipore Immobilon) and blotted overnight at 4 C using anti-TRPV1 (Novus, NB100-1617; 1:1000) or anti-TRPV4 (Santa Cruz, H-79 sc-98592). This TRPV1 antibody recognizes fulllength TRPV1 in any glycosylation state (100 to 113 kDa), while that for TRPV4 recognizes a glycosylated form of the protein (97-107 kDa). The blots were incubated with secondary Alexa Fluor 680 goat anti-rabbit IgG (H C L) antibodies (Invitrogen, 1:5000) and detected by Odyssey infrared imaging system (LiCor).
To assess whether TRPV1 and TRPV4 form a heteromeric protein complex, we pre-incubated 250 mg of protein in 20 ml of A/G agarose beads for one hour to reduce nonspecific binding. After centrifuging at 11,000 rpm for 10 minutes at 4 C, the supernatant was removed, and pre-cleared protein was immuno-precipitated overnight at 4 C using 5 mg of either the anti-TRPV1 or anti-TRPV4 antibodies described above. Beads were collected and washed 5 times in 500 ml of RIPA-PBS washing buffer (1% NP-40, 150 mM NaCl, 10 mM Na 2 HPO 4 , 1mM EDTA, 1 mM EGTA, 200 uM Na 3 VO 4 , PIC, pH adjusted to 7.2 wih 1N HCl). The bead pellet was resuspended in DTT loading buffer and denatured at 95 C for 10 min. Samples were centrifuged at 11,000 rpm for 5 min, and supernatant was used for SDS-PAGE and Western blotting to detect either TRPV1 (Novus NB100-1617) or TRPV4 (Alomone, ACC-034, 1:200). The latter antibody is highly specific and directed against an intracellular epitope in the C-terminus of rat TRPV4 (90 kDa). Membrane was blocked with 3% non-fat milk in TBS-T (50 mM Tris, 150 mM NaCl, 0.05% Tween 20) for one hour at room temperature and incubated with secondary antibody for one hour at room temperature.
Fluorescent in situ hybridization with immuno-labeling
We generated Trpv1 mRNA probes for mouse tissue as described in our published protocol, using RNA extracted from C57BL/6 mouse brain (Qiagen Inc.. USA, Valencia, CA) and first-strand cDNA synthesis using Superscript III reverse transcriptase (Invitrogen) 35, 82 An antisense probe recognizingTrpv1 mRNA was made against a nucleotide sequence present in mouse Trpv1 (nucleotides 226 to 500 of [GenBank: NM_001001445]). We inserted a transcript generated by PCR using primers to Trpv1 (forward 5 0 -ATC ACC GTC AGC TCT GTT GTC ACT-3 0 and reverse 5 0 -TGC AGA TTG AGC ATG GCT TTG AGC-3 0 ) into pGEM-T Easy Vector (Promega, Madison, WI) and orientation verified by sequencing. Isolated plasmids were linearized and purified, and labeled Trpv1 RNA probes generated using SP6 and T7 RNA polymerases and Digoxigenin RNA Labeling Mix (Roche Applied Sciences; Indianapolis, IN). Immmuno-detection of labeled Trpv1 mRNA was performed using anti-DIG-Fab-POD conjugate (Roche) diluted 1:100 in blocking buffer (1% blocking reagent (Roche) in 0.1 M Tris (pH 7.5), 0.15 M NaCl) followed by detection using the TSA plus Fluorescein system (Perkin-Elmer; Boston, USA). Immmuno-labeling for RGCs in the same tissue was performed with antibodies to phosphorylated heavy chain neurofilament www.tandfonline.com
(1:1000, SMI31; Sternberger Monoclonal Inc., Baltimore, MD).
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